The paper argues that a Cobb-Douglas specification may be a reasonable description of the Finnish aggregate production function when a sufficiently long time period (the 20th century) is considered. It is, however, a misleading description of the production technology for the post-WWII period. Controlling for biased technical change, the elasticity of substitution is significantly below one, close to 0.5, during . Given that similar results have been obtained for the U.S. economy, the analysis shows that the value of the elasticity of substitution cannot be dependent on some specific structure of economic institutions but is likely to reflect more general aspects of technology and production.
Biased Technical Change and Capital-Labour Substitution in Finland, 1902-2003 1. Introduction
The steady-state growth theorem states that, if a neoclassical growth model is to possess a steady state with positive growth and positive capital share, then either the elasticity of substitution between capital and labour must be equal to one or technical change must be labour augmenting (Uzawa 1961 , Jones 2005 . Empirical findings suggest that steady-state growth is possible. For example, the growth rate of GDP per capita does not show any specific trend for the past 125 years in the United States. The puzzle is that there is not much empirical support for the other parts of the theorem. Although the income shares of capital and labour show no trends in the long run, they are not constant over time, implying that the elasticity of substitution cannot be equal to one. Many econometric analyses find it to be less than one (see, e.g., David and Van de Klundert 1965, Antràs 2004) . Empirical evidence also indicates that labour-augmenting technical change is not a uniform pattern of development across all countries and all periods (Marquetti 2003) . The ongoing decline in the relative prices of capital goods, such as computers and semiconductors, can be taken as current evidence for capital-augmenting technical change.
These apparent inconsistencies have awakened economists' interest in both the theoretical and empirical analysis of the direction of technical change and the shape of the aggregate production function. In the spirit of Samuelson (1965) , Acemoglu (2003) has developed a theoretical model in which profit-maximizing firms choose the direction of technical change. The fact that capital can be accumulated while labour cannot implies that all technical change is labouraugmenting along the balanced growth path. However, along the transition path there is typically capital-augmenting technical change. The factor shares are constant in the long run but can change in the short run. Jones (2005) has presented a new, idea-based production function whose shape is governed by the distribution of ideas. It exhibits a local elasticity of substitution between capital and labour that is less than one but a global elasticity that is equal to one. Production techniques are ideas that get discovered over time. They indicate how to produce with a particular amount of capital per labour. A particular technique is thus appropriate at a given mix of inputs and can be described by a local production function in which the elasticity of substitution is less than one. If the capital-labour ratio is increased, diminishing returns set in quickly and the capital share declines. New techniques are needed if firms want to produce with substantially higher capital-labour ratios. Thus, new ideas, that are appropriate at the new input mix, must be discovered. The global elasticity of substitution is therefore governed by the distribution of ideas. Jones has proved that if the distributions related to ideas are Pareto distributions, then the global elasticity of substitution equals one and technical change is labour augmenting in the long run.
On the empirical side of the issue, Antràs (2004) has shown in the spirit of David and Van de Klundert (1965) that the U.S. economy is not well described by an aggregate production function that assumes the elasticity of substitution to be equal to one. The new estimates suggest that, controlling for the biased technical change, the elasticity is likely to be considerably below one, and may even be lower than 0.5. Caselli and Coleman (2004) as well as Caselli (2005) have demonstrated that the explanation to the observed large income differences between countries depends critically on what is assumed about the elasticity of substitution and about the direction of technical change. If technology is non-neutral and the elasticity low enough, then differences in factor endowments between countries can explain most of the measured cross-country variation in income per capita. But when the elasticity is close to one, then the efficiency with which factors are used plays a more important role in the explanation, and as much as 50 per cent of income differences can be attributed to differences in efficiency.
Our aim in this paper is to contribute to this ongoing debate by estimating the aggregate production function of the Finnish economy. Finland is an interesting test case because its growth rate of GDP per capita was among the highest in Western Europe in the 20 th century. According to Maddison's (2003) data, the compound annual growth rate was 2.5 per cent in the period from 1900 to 2000. Norway is the only country that was able to achieve an equally high rate. Given that the growth rate in the United States was 1.9 per cent per year, the Finnish GDP per capita increased from 41 per cent of the U.S. level in 1900 to 72 per cent by the end of the century. This convergence is displayed in Figure 1 .
During this period Finland developed from a relatively backward agricultural society to a modern Nordic welfare state. The advancement in prosperity was initially based on the successful utilization of natural resources by the forest and basic metal industries in the wake of the second industrial revolution. Jalava and Pohjola (2005) show that the diffusion of electricity as the primary source of power in manufacturing was in Finland faster than in the United States during the first decades of the 20 th century. 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 
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Source: Maddison (2003) The high share of investment in GDP is the distinctive feature of the period from the 1930s to the early 1990s. As depicted in Figure 2 , the investment ratio stayed in the range of 25-30 per cent which was 5-10 percentage points higher than in the United States. The period of high investment ended during the recession of the 1990s. It was one of the most severe in the peacetime history of Western Europe as GDP per capita declined by 12 per cent between the years 1990 and 1993 (see Figure 1 ). The investment ratio fell and the capital share rose by about 10 percentage points, and they have not returned to their pre-recession levels. Along with the recovery of GDP, both labour and capital productivity have improved in much the same way as they previously did in the 1930s. The economy is entering a new growth regime, the features of which are not yet easy to ascertain. Sources: NIPA tables, Bureau of Economic Analysis, for the United States; National Accounts, Statistics Finland, and Hjerppe (1988) for Finland
The information and communication technology sector has become the leading industry in terms of the contribution to labour productivity and GDP growth. According to the World Economic Forum (2005), Finland is now the most competitive country in the world. Be that as it may, it must, however, be one of those countries that has had to adjust its input mixes of capital and labour rapidly to fit existing production techniques as well as to develop new ideas that are appropriate for new input mixes. Our analysis is closely related to the study by Antràs (2004) of the private sector of the U.S. economy in 1948-1998. We focus on the market sector of the Finnish economy but study a longer time span. The results for the periods 1902-2003 and 1902-1990 suggest that the value of the elasticity of substitution is close to one. The analyses of the sub-period 1945-2003 reveal that it is significantly below one, close to 0.5. Controlling for a possible bias in technical change is important since the estimations give high values for the elasticity of substitution under the assumption of a Hicks-neutral change.
Although our results for the post-WWII period are very similar to those obtained by Antràs, the two studies are not directly comparable because our data are not as refined as his. He was able to use quality-adjusted measures of the flows of labour and capital services. We have to be content with unadjusted labour hours and with capital services obtained by using official investment deflators which may overstate the price of capital equipment.
The rest of the paper is organized as follows. The next section introduces the CES production function to be estimated and the method of estimation. The data and estimation results for the period 1902-2003 are presented in section 3. Section 4 concludes.
Model specification
Let us assume that aggregate output Y t in period t can be represented as the following CES function of capital K t and labour L t :
Here is a substitution parameter, a distribution parameter between 0 and 1, A an index of capital-augmenting technical change and B an index of labouraugmenting technical change. If factors are paid their marginal products, then the share of payments to capital in total output is
As the first equality shows, the income share of each production factor depends on the rate of bias of technical change as well as on the elasticity of substitution between capital and labour = 1/(1+ ) which is non-negative when 1 . The second equality demonstrates that, given the level of A t , there is a one-for-one relationship between the capital share and the capital-output ratio. An improvement in capital productivity (Y/K) increases the capital share when the elasticity of substitution is less than one. Therefore, it should be no surprise to have both time series display increasing trends over short periods of time, like the 1990s in Finland, if the elasticity of substitution is less than one in the short run.
By writing the relative factor share as
we can see that, if is less than one, an increase in the capital-labour ratio K/L tends to reduce the income share of capital. Sufficiently fast labour-augmenting technical change can however cause the capital share to move in the opposite direction. Consequently, if K/L and B/A grow at the same rate, constant factor shares can also be consistent with aggregate production functions with non-unit elasticities of substitution.
The standard way of estimating the parameters of the production function (1) is to apply the first-order conditions of profit maximization by firms in a competitive framework (for a review, see Antràs 2004) . The one for capital implies that its marginal product equals its real price:
Here r is the price of capital services and p the price of output. To identify the separate roles of factor substitution and biased technical change, the standard practice is to assume that capital-augmenting technical change takes place over the course of time at the constant rate . The equation can then be written as
where 1 is a constant.
Denoting the wage rate by w, the first-order condition for labour is
Assuming that technical change augments labour at a constant rate , the following estimable equation is obtained:
Equations (5) and (7) can be manipulated to obtain the third estimable equation as
where again 3 is a constant. This can be used to estimate the bias -in technical change as well as the elasticity of substitution .
This can also be estimated in the form
which is obtained from equation (3) by taking logs. This is our fourth estimable equation.
Controlling for a possible bias in technical change is important in the estimation. If we assume that A and B grow at the same rates, then equation (3) implies that = 1 in such an economy where the capital-labour ratio grows over time but the factor shares stay approximately constant. Consequently, such a misspecification of the estimation equation biases the estimates towards finding results that support the Cobb-Douglas production function (Antràs 2004 ).
Data and estimation results
The production function is estimated for the non-residential market sector of the Finnish economy. The output measure is gross domestic product at basic prices, the year 2000 being the base year for the volume series. Finnish National Accounts data are used for the period 1960-2003. Information for the earlier years is from Hjerppe (1988) . Labour hours and investment data come from the same sources.
The flow of capital services is assumed to be proportional to the aggregate capital stock. Capital stocks were first obtained for seven types of assets using the perpetual inventory method with geometric depreciation profiles. Using their asset prices as weights, the stocks were then aggregated into a volume index of capital services. The rental price of capital was computed as the ratio of nominal capital income to the real capital stock. Labour remuneration data contain wages, salaries and employers' social security contributions and come from the Finnish National Accounts for the period 1960-2003 and from Hjerppe (1988) for the earlier years. Figure 3 displays the data. It reveals the rapid growth of labour productivity Y/L from the late 1940s to the early 1970s as well as the decline in its growth thereafter. The relative price of labour w/r is also seen to increase and the capital intensity K/L to rise until the early 1990s when the recession hit the economy. In the 1990s, the real price of capital r/p rose, the capital intensity stopped growing and the output-capital ratio Y/K improved. 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 
The elasticity of substitution and the rates of the factor-augmenting technical changes and are estimated using equations (5), (7), (8) and (9) by assuming that they hold only in the long-run. Short-run deviations may arise, for example, from the costs of adjusting inputs and from the fluctuations of factor-augmenting technical changes around their long-run trends. In addition, for the purpose of econometric modelling and statistical inference, we assume that the log-levels
) are generated by unit root processes, i.e. they are integrated of order one. Under this assumption we may use cointegration methods to estimate the parameters of interest. We apply Johansen's (1995) approach 1 , which is based on the cointegrated vector autoregressive (VAR) model. It can be written in the pth order vector error correction (VEC(p)) form as follows (10) ), , …,p-1) and are matrices of short-run parameters and x t and are as defined in Table 1 . In the case of cointegration, the matrices and have a reduced rank 0<r<2. Note that by construction the deterministic linear time trend 2 is restricted to lie only in the cointegration space. We also estimate the Hicks neutral technical change by excluding the deterministic linear time trend from the VEC system. The choice of the lag-length p is based on the tests for the residual autocorrelation of each equation. The shortest lag-length that yields uncorrelated residuals is chosen. Since we have annual data, only lag lengths of 3 periods and less are considered. We also test whether some components of the loading vector are zero. If they are, the model is estimated under this restriction to gain efficiency 3 . The war years 1917-1918, 1939 and 1941-1944 are modelled with dummy variables that obtain value -1 in the year and +1 in the sub-sequent year. The test for the cointegrating rank, i.e. the rank of , is based on Johansen's trace test, where the null hypothesis is that the cointegrating rank, r, is zero and the alternative that r=1. 1 Johansen's (1995) method is a full information maximum-likelihood method for estimating cointegration parameters. It is based on the assumption that the system may be characterized by a vector autoregressive model and is, therefore, superior in the case that this assumption holds. Antràs (2004 ) utilizes Saikkonen's (1991 method that produces asymptotically efficient estimators of the cointegration parameters. These estimators are asymptotically equivalent. As in Antràs (2004) we use Johansen's (1995) trace test. It is, therefore, natural to use the same method for estimating the cointegration parameters. The cost of using the system method instead of the single equation method lies in the fact that miss-specifications in the stationary part of the model may contaminate the estimation of the cointegration parameters.
2 Antràs (2004) shows that assuming Hicks neutrality, i.e. exclusion of linear time trends, leads to a bias in the estimates of the elasticity of substitution towards unity. We test for the zero slope of the deterministic linear time trend. The test statistics (the null of zero slope) are reported in Table 2 . 3 We are grateful to an anonymous referee for bringing this to our attention. Table 1 .
Definition of variables and parameter matrices
The cointegration rank test specifically tests for the lack of cointegration between the component variables of vector x t . It should be emphasized that the test is a joint test of the validity of the CES production function and the constant growth rate of factor-augmenting technical change. Therefore, if no cointegration is found, it may well be due to a poor approximation of the technological trend as a deterministic linear time trend and not necessarily due to the invalidity of the CES production function. Testing the null of no cointegration is not entirely satisfactory since we would instead prefer to test for the non-rejection of the null of cointegration rank one. The cointegration test statistic suffers from poor smallsample properties, and its asymptotic distribution of the trace test statistic may not be reliable for those sub-samples that cover only two to three decades. To avoid this situation we report here only the results for one sub-period -the post-WWII period.
The key parameter estimates, their standard errors and the p-values of the hypotheses related to the elasticity of substitution and the slope of the technological trend are collected in Table 2 . Model diagnostics, robustness check and tests for cointegrating rank are collected and discussed in the appendix. In table 2 we report only those cases where we reject the null of zero cointegrating rank and do not reject the null of the cointegrating rank equal one.
The first column of table 2 reports the time span of the sample. The next column shows our choice of the lag length p. The third column portrays the estimate of the elasticity of substitution. Regarding the specifications (5)-(8), the following column contains its standard error. The estimated slope of the deterministic linear trend is in the fifth column, while the next two columns report the estimate and the standard deviation of its hybrid form, respectively. We test for the unit elasticity of substitution and the zero slope of the trend coefficient both separately and jointly. Significance levels of these likelihood ratio tests are reported in the next three columns. In some cases the parameters are estimated under the accepted null hypotheses restricting some of the components of and/or the trend slopes to zero. These cases are highlighted in the "Notes" column. In the specification related to the capital intensity equation (9), we cannot estimate the parameter directly but only in the form /(1-). Because of no finite limit, we cannot test for the hypothesis =1 using /(1-). This specification, however, allows us to estimate the difference between the trend slopes of the factoraugmenting technical changes directly.
The results for equation (5), based on the first-order condition for capital, show that the null hypothesis of no cointegration is rejected for both estimation periods. The value of the elasticity of substitution varies across periods but is always significantly below one meaning that the Cobb-Douglas specification is rejected. The point estimates 0.52 and 0.72 are fairly close to each other suggesting that, given the estimated standard errors, the elasticity of substitution has remained the same across the sub-periods. We cannot reject the hypothesis that the slope of the trend of the capital-augmenting technical change is zero in 1945-2003. The slope is, however, significantly positive for the whole sample.
In the labour demand specification (7) the value of the elasticity of substitution (being 1.25) is close to unity in the full sample although the formal test rejects the hypothesis that = 1. The recession of the 1990s plays a significant role here: when the sample is restricted to , the unit elasticity of substitution cannot be rejected (p-value = 0.68). The unit elasticity of substitution in the very long run is also supported by specification (8) based on the first order condition for capital intensity (p-value being 0.95). The point estimate of is 0.99. In the post-WWII sub-sample the point estimate is 0.57 which is significantly below one. The trend coefficient ( -)(1-) does not significantly differ from zero in the full sample. Note, however, that the trend slope difference, ( -), is not identified in the unit elasticity case. For the period 1945-2003, the slope difference is quite close to the difference between the individual estimates of and in the specifications (7) and (5), respectively. A qualitatively similar picture is given by specification (9).
The period-by-period comparison of the different specifications shows that the full-sample estimates of the elasticity of substitution are close to unity. Formally, only in specification (8) we cannot reject the null of =1. By restricting the sample to end in 1990 leads to unit elasticity also in specification (7). We cannot reject the null of =1 in equation (5) either if we assume the lag length to be one in the period . The residual diagnostics, however, show that the statistical model suffers from strong residual autocorrelation, and the result can be considered biased. Specifications (5) and (7) share the problem of the 1990s. It is the period that shows up as a source of the instability of the parameter estimates. Since specification (8) does not suffer from this problem, this may imply that both the capital and labour augmenting technical change share the same deterministic trend during the 1990s that they cancel out in equation (8). The value of the elasticity of substitution is close to 0.5 in the post-WWII data in all the estimated equations. In specification (5) it is some what higher but still within two standard deviations from 0.5.
These estimates are quite close to the ones obtained by Antràs (2004) for the private sector of the U.S. economy for the period 1948-1998. Using various methods, he obtained point estimates that are, in general, well below one and that range from 0.551 to 0.948. Applying Saikkonen's (1991) procedure for estimating cointegrating vectors, he obtained estimates that range between 0.641 and 0.892. It should be pointed out, however, that in contrast to Antràs, who had access to quality-adjusted measures of the flows of capital and labour services, our data are unadjusted and obtained by using official investment deflators which may overstate the price of capital equipment.
Antràs (2004) demonstrates how the assumption that technical change is Hicksneutral induces an upward bias in the estimate of the elasticity of substitution towards unity. In table 3 we check whether this holds in our data as well. Specification (5) is somewhat problematic here. Under the assumption of Hicks neutrality, i.e. by ignoring the linear trend from the cointegration vector, the cointegration test suggests that variables ln(Y/K) and ln(r/p) are stationary. In such a case, our estimation strategy is invalid. The sub-sample estimate gives virtually the same result as reported in Table 2 . This is not surprising since the slope coefficient in Table 2 is restricted to zero.
Our specification (7) supports Antràs' results. The estimates of the elasticity of substitution are clearly closer to unity in the Hicks-neutral case, and we cannot reject the Cobb-Douglas specification in 1945-2003. The results are mixed for the capital intensity equation (8). The Hicks-neutral estimate of is lower in the full sample but higher in the sub-sample than the corresponding estimate in Table 2 . If we restrict the trend slope to zero in the full-sample case of Table 2 , we obtain the same result as here. The full-sample estimate of is the same here for specification (9) as in Table 3 due to the fact that the slope of technical change ( -) was restricted to zero in Table 3 . The post-WWII estimate is clearly closer to unity. Generally speaking, our results give support to Antràs' hypothesis.
Regarding the direction of technical change, the estimation results presented in Table 2 provide a very consistent picture for the post-WWII period. The capital demand equation (5) indicates that technical change augments capital at the rate of 0.48 percent per year. The labour demand equation (7) indicates that it augments labour at the rate of 3.82 percent. Their difference, 3.34 %, is rather close to the estimates for the labouraugmenting bias ( -) in technical change obtained from the capital-intensity equations (8) and (9). They are 3.30 and 3.22 per cent per year, respectively.
The estimates provide a less clear picture for the full period. The bias -cannot be identified in the capital-intensity equation (8) when the elasticity of substitution equals one. The capital demand equation (5) gives a point estimate of 0.46 % for , and the labour demand equation (7) an estimate of 4.38 % for . As their difference 3.92 % is larger than the one for the post-WWII period, we can conclude that the labouraugmenting bias in technical change is smaller in the post-1945 than in the full period. 
Conclusions
This paper has argued that a Cobb-Douglas specification of the Finnish aggregate production function cannot be rejected if a sufficiently long enough time period (100 years) is considered. It is, however, a misleading description of the production technology for shorter periods. Controlling for biased technical change, the elasticity of substitution is significantly below one, close to 0. 5, during 1945-2003. The result is consistent with our earlier findings for Finland obtained for shorter periods and based on somewhat different approaches (Pohjola 1996, Ripatti and Vilmunen 2001) . It is, however, quite different from the estimate obtained recently by Juselius (2005) for Finnish manufacturing in 1980-2001. Using quarterly data and applying a cointegrated VAR model, he found evidence for an elasticity of substitution above one, 1.39 being the point estimate. Although his analysis is more general than ours in that it covers imperfect competition in the product and labour markets, it is based on the assumption that technical change is Hicks-neutral.
Results similar to ours have also been obtained for manufacturing industries in other Nordic countries. Bergström and Melander (1979) studied aggregate Swedish industry and its eight sub-sectors in . Most of their estimates indicate an elasticity of substitution below one and technical change that has been labour saving. Fløystad (1973) obtained similar results for some Norwegian manufacturing industries in 1950-1965 but concluded that the estimates are poor and erratic. Both of these studies are based on rather short time series.
Our findings are consistent with Antràs' (2004) results for the private sector of the U.S. economy in the period . He found that the elasticity of substitution is likely to be considerably below one, and may even be lower than 0.5. Given that the Finnish and the U.S. economies are quite different from each other, the results show that the value of the elasticity of substitution cannot be dependent on some specific structure of economic institutions but is likely to reflect more general aspects of technology and production. This finding gives support to recent theoretical work that is re-examining the sources of economic growth.
Although our results for the post-WWII period are similar to those obtained by Antràs, the two studies are not directly comparable since our data are not as refined as his. As we have not been able to control for the quality of labour, our analysis may suffer from a missing variable bias. Extending it to cover skill-biased technical change, for example along the lines of Krusell et al. (2000) , is an interesting avenue for future research.
Appendix A Table A .1 reports the residual diagnostics and the asymptotic p-values of the trace tests for the cointegrating rank. Our VARs suffer from residual autocorrelation even with three lags. The problem is particularly acute in equations (8) and (9). It seems that increasing the lag length beyond three does not solve the problem. The reported test statistics are vector tests. The equation-by-equation autocorrelation tests cannot reject the null of no autocorrelation. This indicates that the cross-correlations play a significant role here. We have no solution for this problem.
Despite of the dummies for the war years, the residuals show non-normality for the full sample. The large residuals are obtained for the early years of the WWI and for the years of the great depression. This shows up as excess kurtosis. It is, however, not as harmful as the residual autocorrelation from the point of view of the small sample properties of our test statistics. Johansen (1995) proposes a test where the cointegrating rank and the deterministic components are jointly determined 4 . This involves following a sequence where we first test the null rank=0 and no trend in the cointegrating space; then the same hypothesis in the case where the trend is in the cointegrating space; this is replicated for the case rank=1. In table A1 we proceed from left to right and accept the hypothesis if all the previous hypotheses are rejected. Following this sequence of the tests leads to the rejection of the deterministic linear time trend from the cointegrating space. This approach, however, contradicts Antràs' (2004) note that Hicks-neutral technical change biases the estimates of the elasticity of substitution towards unity. Therefore, we do not consider the sequence of tests approach useful in summarising our final results. Johansen's (1995) trace test. The p-values are based on the asymptotic distribution. The vector test for heteroscedasticity amounts to a multivariate regression of all error variances and covariances on the original regressors and their squares. We have bolded the p-values less or equal than 0.05. Table A .2 reports the estimates of the elasticity of substitution for the choices of the lag lengths from one to three. It also reports the p-value of the trace test under the null that the cointegrating rank is zero. The estimates are based on the specification of Harrodneutral technical change. Our estimates of the elasticity of substitutions are surprisingly robust to the choice of the lag length. The same holds for the test for the cointegrating rank. This is a surprising feature since in many cases the residual autocorrelation significantly differs from zero. Residual autocorrelation typically biases the parameter estimates. 
